Cells in Dictyostelium slugs follow welldefined patterns of motion. We found that the chemotactic cell response is controlled by a scroll wave of messenger concentration in the highly excitable prestalk zone of the slug that decays in the less-excitable prespore region into planar wave fronts. This phenomenon is investigated by numerical solutions of partial differential equations that couple local nonlinear kinetics and diffusive transport ofthe chemotactic signal. In the interface of both regions a complex twisted scroll wave is formed that reduces the wave frequency in the prespore zone. The spatio-temporal dynamics of waves and filaments are followed over 33 periods of rotation. These results yield an explanation of collective self-organized cell motion in a multicellular organism.
Spatio-temporal self-organization is a general phenomenon occurring in excitable media (1, 2) . Propagating waves of excitation are observed in physical, chemical, and biological systems, as diverse as the CO oxidation on platinum (3), the Belousov-Zhabotinsky (BZ) reaction (4, 5) , Xenopus oocytes (6) , cardiac muscle (7) , and the slime mold Dictyostelium discoideum (8, 9) . In two dimensions, these systems show a variety of wave structures including concentric rings and spiral waves.
For wave patterns occurring during Dictyostelium aggregation, the underlying biochemical and cellular reactions are well investigated (10) . The aggregation of single cells to form multicellular structures is directed by periodic signals of cAMP and chemotaxis. Cells in the aggregation center periodically produce the chemoattractant cAMP. The cAMP is secreted into the extracellular medium, where it diffuses away. Neighboring cells detect cAMP via cell surface receptors. The stimulated cells then produce huge amounts of cAMP, which they in turn secrete. This feedback process results in a wave-like propagation of the cAMP signal from cell to cell and from the aggregation center outward (10) . Binding of cAMP to the receptor induces a phosphorylation ofthe receptor that leads to desensitization and the shut down of cAMP production. Extracellular phosphodiesterase degrades cAMP, which allows the system to recover. Immediately after stimulation the cells are refractory to further stimulation. This property ensures unidirectional outward propagation of the signal. Stimulated cells move chemotactically in the direction of increasing cAMP concentrations, thus producing periodic waves of inward-directed chemotactic movement. These waves are detected as optical density waves under dark-field illumination (9, 10) .
Nonlinear differential equations coupling local reaction kinetics with diffusive transport can reproduce experimental observations on the BZ reaction and Dictyostelium aggregation qualitatively and quantitatively (11) (12) (13) (14) . Complex modes
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. of wave propagation have been observed in threedimensional reaction-diffusion systems (15)-e.g., scroll waves that emerge from a straight axis (filament). An untwisted scroll wave exhibits identical Archimedian spirals for each two-dimensional cut perpendicular to the filament. Such wave patterns have been studied in the BZ reaction (16, 17) and can undergo complicated changes in geometry as they travel along a gradient of excitability. For example, a scroll wave decomposes to a twisted scroll wave and then into planar waves when it propagates into a medium of lower excitability (18) .
Recently, we have obtained (19) evidence that threedimensional scroll waves organize the motion of cells in Dictyostelium slugs. The slug is a migratory stage during the developmental cycle of Dictyostelium, in which the behavior of 105 individual cells is coordinated to that of a single organism (Fig. 1) . The direction of cell motion is controlled by propagating waves of cAMP concentration. Cell motion occurs in a direction opposite to the direction of wave propagation (10, 20) . The anterior part of the slug (20% of all amebae) consists of prestalk cells, which ultimately build the stalk of the fruiting body. The remainder is formed by prespore cells that differentiate to spores in the fruiting body.
Model and Numerical Approach
Analysis of cell motion in slugs revealed that amebae in the prespore zone move straight forward in the direction of slug migration, whereas cells in the prestalk zone move perpendicular to the direction of slug migration, that is they rotate around the slug axis. This analysis suggested that the chemotactic signal spreads as a scroll wave in the front of the slug and converts into planar waves in the rear part. We proposed (19) that this complex mode of wave propagation was caused by a change in excitability along the long axis of the slug, based on the finding that during aggregation the cells that will become prestalk show high-frequency oscillations in optical density when isolated, whereas cells that will become prespore show slow oscillations (21).
To investigate whether an excitable system exhibits such behavior in three dimensions, we performed computer simulations. Martiel and Goldbeter (22) Fig. 2 . While the wave rotation in the region of high excitability (prestalk region) remains stable during the entire calculation, the scroll wave in the region of low excitability (prespore region) increases its wavelength and rotation period. Subsequently, the whole structure becomes twisted in middle segments of the cylinder (Fig. 2A) . The process of twisting and the higher frequency in the prestalk region cause a dramatic change of A   FIG. 1. D . discoideum slug. The tip (left side) rises up in the air. The prestalk zone (anterior 20%) is stained with the vital dye neutral red and is slightly darker in the photograph. The direction of cell motion is indicated by the arrows. In the prestalk zone, the cells rotate around the tip, whereas in the prespore zone (posterior 80%), the cells move forward in direction of the tip (18). The slug leaves a slime trail behind that is secreted by all cells. In the photograph, the slug crosses a slime trail left behind by another slug.
the same features such as oscillations and spiral wave propagation (22, 23) .
Our main interest is to study wave propagation in an inhomogeneous excitable medium in three dimensions. This requires the numerical solution of sets of nonlinear partial differential equations. We have chosen the two-variable Barkley model (24) . The cylindrical excitable medium is separated in a high-excitable (left 20%, prestalk zone) region and a low-excitable (right 80%, prespore zone) region. The step of excitability destroys the initial scroll wave (A) and transforms it into planar waves in the right part (B-D). The depicted combination of wave structures explains the coordination of chemotactic cell motion in Dictyostelium slugs (see Fig. 1 ). Relative times of the pictures: t,,, 2600 iterations; tb, 7800; tc, 8000; td, 8200. The excitability step is initiated after 880 iterations.
Proc. Natl. Acad. Sci. USA 90 (1993) the pattern in the less-excitable prespore zone: Planar wave fronts appear that are oriented perpendicular to the long axis of the cylinder (Fig. 2 B-D) . Detailed analyses show that the shape of these wave fronts is slightly convex, thus focusing cell motion and stabilizing the slug geometry. This spatial arrangement is then stable over more than 30 periods of scroll wave rotation. The interface between the region of scroll wave rotation and planar wave propagation displays more complex dynamics and alternating phases of weak and strong twisting. Fig. 3 showing the filament of wave rotation helps to elucidate the dynamics of this region. While the fiament in the prestalk zone is generally oriented along the long axis of the slug, it becomes helical at the interface and bends away from the axis before ending at the cylinder boundary. Movies of the filament evolution reveal irregular changes in location and shape, but most of the time it stays attached to the boundary.
The space-time portrait in Fig. 4 describes dynamic features of the simulation. It consists of 324 two-dimensional spatial cuts (40,000 grid points) of the cylinder. The time between each spatial cut is 50 iterations. The left side of the space-time box (the prestalk zone) shows unperturbed wave propagation, and the right side shows the less-excitable prespore region and illustrates the decay of the initial scroll wave to planar fronts. The top ofthe box reveals an important consequence of the alternating wave form in the interface. Some of the emitted waves disappear at the right side of the interface or fuse with following ones. This mechanism reduces the number of waves in the prespore region and leads to frequencies that can be supported by this less-excitable medium.
The The high-excitable prestalk zone is located on its left side, depicting a cut ofthe scroll wave that decays to perpendicular wave fronts. The top view illustrates the temporal transformation of scroll wave fronts (horizontal stripes) into waves propagating into the right prespore zone (tilted stripes).
boundary. The simulations have, furthermore, shown that the filament of the scroll wave in the prestalk zone is a stable structure, a region of steady and low concentration of the excitation variable, conditions that most likely direct stalk formation by controlling expression of stalk-specific genes (19).
These simulations explain the coordination of collective motion in a multicellular organism. They show that waves of excitation play a crucial role not only during aggregation but also during later three-dimensional morphogenesis in Dictyostelium. Our results also provide a simple explanation for complex modes of wave propagation in inhomogeneous excitable systems such as specific three-dimensional BZ media (18) or cardiac muscle (7) .
